A microbial community analysis of forest soil from Jindong Valley, Korea, revealed that the most abundant rRNA genes were related to Acidobacteria, a major taxon with few cultured representatives. To access the microbial genetic resources of this forest soil, metagenomic libraries were constructed in fosmids, with an average DNA insert size of more than 35 kb. We constructed 80,500 clones from Yuseong and 33,200 clones from Jindong Valley forest soils. The double-agar-layer method allowed us to select two antibacterial clones by screening the constructed libraries using Bacillus subtilis as a target organism. Several clones produced purple or brown colonies. One of the selected antibacterial clones, pJEC5, produced purple colonies. Structural analysis of the purified pigments demonstrated that the metagenomic clone produced both the pigment indirubin and its isomer, indigo blue, resulting in purple colonies. In vitro mutational and subclonal analyses revealed that two open reading frames (ORFs) are responsible for the pigment production and antibacterial activity. The ORFs encode an oxygenase-like protein and a putative transcriptional regulator. Mutations of the gene encoding the oxygenase canceled both pigment production and antibacterial activity, whereas a subclone carrying the two ORFs retained pigment production and antibacterial activity. This finding suggests that these forest soil microbial genes are responsible for producing the pigment with antibacterial activity.
The discovery of microbial products has depended primarily on the screening of cultured microbial species for desirable activity. However, the rediscovery rate of known microbial products derived from this classical approach is increasing, while the probability of obtaining novel resources is decreasing (21) . A recently developed metagenomic approach clones the total microbial genome (the metagenome), which is directly isolated from natural environments, in culturable bacteria such as Escherichia coli (3, 21, 45, 46) to discover novel microbial resources (20) . The metagenomic approach originated from the molecular analysis of microbial communities, which revealed that the majority of microorganisms in nature were not cultivable by standard culturing techniques (4, 6, 26, 36, 41) . Therefore, most microorganisms in nature have not been characterized. Similarly, a microbial biomass study concluded that prokaryotes are the dominant organisms on Earth (60) . A recent review (57) on the microbial diversity in various soil environments and sediments suggested that microbial diversity is higher in forest and pasture soils than in arable soils. Moreover, each gram of forest soil most probably contains several thousand bacterial species (54, 55) . Thus, we focused on forest soil environments to explore the resources of soil microbes by using a metagenomic approach.
The difficulties in cultivating microorganisms exclude the majority of the microbial soil community from a functional analysis of their genes and the subsequent use of the microbial gene products (1, 27) . Therefore, there is a high probability of finding novel microbial products, such as antibiotics and enzymes, in uncharacterized soil bacteria. Initial studies have demonstrated that expressing foreign genes in a heterologous host is a technically feasible approach for exploring microbial resources (45, 47) . Several studies have shown that the metagenomic approach permits searches for various biocatalysts, such as lipase/esterase, protease, oxidoreductase, and nitrilase, in varied soils and microbial habitats (15, 18, 24, 32, 33, 35, 38, 45, 56, 58) . Recent metagenome studies also have demonstrated the efficacy of the approach in searching for novel microbial bioactivities and anticancer drugs (20, 42) . Several antibiotics and novel secondary metabolites have been identified from metagenomic studies, together with the genes responsible for them, including long-chain acyl amino acid and turbomycin antibiotics, and genes encoding polyketide synthases (7, 8, 14, 17, 39, 43, 51, 59) .
In addition, the combination of phylogenetic-marker screening of metagenomic libraries and genomics could reveal the physiology of as-yet-uncultured microorganisms that have been identified only by culture-independent studies (37, 44) . Ultimately, the isolation of novel soil microorganisms (28, 29, 52) can be advanced by the genetic and physiological information gained from analyses of the metagenomes of uncultured bacteria (20) .
Our analysis of the microbial community of forest soils by this culture-independent method revealed that representatives of the Acidobacteria group were the numerically dominant phylotype. Two metagenomic libraries were constructed from two forest topsoils to explore their microbial genetic resources. Among several pigmented metagenomic clones, one produced indirubin as a major compound and indigo blue as a minor pigment. The corresponding genes were identified and characterized, although we found no evidence that the clone originated from the Acidobacteria, the major uncultured phylum in the forest soils.
pooled, the band corresponding to the correctly sized product (ϳ1 kb) was excised, purified, and concentrated. The 16S rRNA gene library was generated with the purified 16S rRNAs ligated into the pGEM-Teasy vector (Promega, Madison, WI) and transformed into E. coli DH5␣ competent cells. White colonies were screened directly to confirm the presence of the inserts by performing colony PCR with T7 and SP6 primers. Subsequently, 100 randomly selected white colonies were used for nucleotide sequence analysis. The nucleotide sequencing and DNA oligonucleotide synthesis were performed commercially at the DNA sequencing facility of GenoTech Corp. (Daejeon, Korea). Phylogenetic analysis. Among the 100 colonies, 10 did not produce interpretable nucleotide sequences. The remaining 90 were analyzed by using BLAST (National Center for Biotechnology Information) and the Classifier and Sequence Match function with sequences in the Ribosomal Database Project II (RDP II [13] ). Each sequence was submitted to the CHECK_CHIMERA program of the RDP II to search for the presence of chimeric artifacts. Among the 90 clones, four appeared to be chimeras and were excluded from the phylogenetic analyses. In addition, seven clones were redundant. Thus, 79 sequences were aligned with the CLUSTAL W program (53) and visually examined with the GENEDOC program. Phylogenetic trees were constructed by using DNADIST with the Jukes-Cantor model (30) and NEIGHBOR with the neighbor-joining method (48) in the PHYLIP (phylogeny inference package) programs, version 3.61. We generated 1,000 bootstrapped replicate resampling data sets with SEQBOOT (PHYLIP, version 3.61). We followed the standard protocol for the default settings of the computer programs used in this procedure.
Metagenomic library construction and selection of antibacterial clones. Metagenomic libraries using the extracted DNA from the two forest soils were constructed using a commercial fosmid vector, pEpiFOS-5 (Epicenter, Madison, WI). The library was constructed by DNA size fractionation, clean-up of the metagenomic DNAs, and subsequent ligation into a fosmid vector as previously described (35) . The ligation mixture was then packaged into lambda phages using MaxPlax Lambda Packaging Extracts (Epicenter, Madison, WI). The packaged library was transduced into E. coli EPI-100, and E. coli transformants were selected on LB agar supplemented with chloramphenicol. The presence of recombinant plasmids and the polymorphism of the insert DNA were examined by pulsed-field gel electrophoresis (Bio-Rad CHEF-DR II, 1-to 6-s switch, 6 V/cm, 120°fixed angle, 5-h run time) of a BamHI digestion of the purified plasmids from randomly selected E. coli transformants. The library clones were stored in cryotubes as clone pools, with ca. 500 clones per pool.
To select antibacterially active clones from the stored library, the library pool stocks were diluted in buffer (NaCl, 8.5 g/liter; KH 2 PO 4 , 0.3 g/liter; Na 2 HPO 4 , 0.6 g/liter; MgSO 4 , 0.2 g/liter; gelatin, 0.1 g/liter), and metagenomic clones in E. coli were cultured on LB agar supplemented with chloramphenicol for 3 days at 37°C. The number of clones per plate was adjusted to approximately 500 by dilution of the library stock, and at least fivefold the number per initial stock were bioassayed by using the procedure described by Rondon et al. (45) . Briefly, the precultured E. coli clones were overlaid with 5 ml of LB top agar containing 0.5 ml of B. subtilis culture with an optical density at 600 nm of 0.2 to 0.3. The plates were incubated overnight at 28°C and scored for activity by looking for zones of growth inhibition in the bacterial lawn. During the library storage process, we had selected metagenomic clones that altered the phenotype of E. coli colonies, including pigmentation. From the bioassay, two antibacterially active clones were selected, one of which produced purple pigments. The pigments were extracted with ethyl acetate and fractionated. Two pigments appeared to be simultaneously produced from one clone, with one of the pigments being responsible for the antibacterial activity. Therefore, we further analyzed this clone, designated pJEC5, from the Jindong Valley library by subcloning the responsible genes and identifying the pigments.
Subcloning and in vitro mutagenesis. The selected clone, pJEC5, was analyzed with various restriction endonucleases in order to subclone the active gene for antibacterial activity and pigment production. The enzymes EcoRI, BamHI, PstI, and HindIII were each used to randomly digest pJEC5; the resulting fragments were ligated into pUC119 digested with the same enzyme. We selected E. coli INDIRUBIN GENES FROM FOREST SOIL METAGENOME 7771 transformants displaying purple pigments. Several dark-blue colonies also grew. We chose clone pJEC54, which carried a 7.5-kb PstI fragment. The PstI fragment was excised, blunt ended by treatment with Klenow fragment, and cloned into the original fosmid vector pEpiFOS-5 digested with PmlI to generate pJEC51. The E. coli cells carrying pJEC51 expressed the purple color of the initially selected clone, pJEC5. Therefore, pJEC54 was used to subclone various restriction fragments into the original fosmid vector to determine the genes involved in pigment production. The restriction-digested DNA fragments were blunt ended by treatment with Klenow DNA polymerase and were cloned into pEpiFOS-5 digested with PmlI to produce the subclones pJEC53, pJEC56, pJEC57, and pJEC58 (see Fig. 3 ).
To confirm the presence of the pigmentation genes from pJEC5, in vitro transposon mutagenesis was carried out according to the mutagenesis protocol provided with the GPS-Mutagenesis System (GPS-M; New England BioLabs, Inc., Beverly, MA). Transformants without pigmented colonies were selected, and transposon insertion sites were determined by DNA sequencing and restriction analysis of the mutated subclones. The antibacterial activity of the mutated clones was determined by the procedure described above.
Isolation and spectral analysis of the pigments. The E. coli carrying pJEC54 were grown in 100 ml of LB broth supplemented with ampicillin in a shaking incubator at 37°C for 2 days. The cells and pigment aggregates were harvested by centrifugation at 6,000 rpm for 10 min. The culture supernatant was extracted twice with an equal volume of ethyl acetate. The pellet was resuspended in 10 ml of 0.85% saline and sonicated to disrupt E. coli cells and aggregates. The solution was extracted twice with an equal volume of ethyl acetate. The two extracts were combined and concentrated to dryness. The residue was dissolved in chloroform and subsequently applied to a silica gel column (3.6 by 60 cm; Kiesel gel 60, 30 g, 230 to 400 mesh). The column was eluted with n-hexane and ethyl acetate (1:1 [vol/vol]). The eluted pigments were red and blue. Fractions containing the pigments were separately combined and concentrated to dryness. The purity of each individual compound was confirmed by high-performance liquid chromatography with a C 18 column (Bondapak C 18 , 300 by 3.9 mm; Waters) using a linear gradient from 60% to 100% methanol. The compounds were detected by using a photo diode array detector (Waters).
The UV-visible absorption spectra of the two pigments were recorded on a UV/VIS spectrophotometer (Beckman). Mass and nuclear magnetic resonance (NMR) spectral analyses were performed to identify the molecular structures of the two compounds. Their electron impact mass spectra (EI-MS) were recorded on a double-focusing, high-resolution mass spectrophotometer (JEOL JMS-DX303; JEOL, Ltd., Tokyo, Japan).
1 H-NMR spectra were examined in deuterochloroform on a Bruker AMX-500 (500 MHz) NMR spectrometer (Bruker Analytische Messtechnik Gmbh, Rheinstetten, Germany). The spectra were referenced to the tetramethylsilane ( 1 H) signal. Production of pigments. We investigated the production of indigo and indirubin by mutated clones and various subclones. E. coli cells were grown in 10 ml of LB broth supplemented with chloramphenicol in a shaking incubator at 37°C for 4 days. The cells and pigment aggregates were harvested every 24 h by centrifugation at 12,000 rpm for 10 min. The pellet was resuspended with 1 ml of N, NЈ-dimethyl formamide and sonicated to disrupt the E. coli cells and aggregates. The solution was centrifuged at 14,000 rpm for 10 min to obtain a supernatant containing the pigments. The absorbance of the pigment solution was examined at 610 and 540 nm to monitor the relative production of indigo and indirubin, respectively.
Nucleotide sequence accession number. The nucleotide sequence of the DNA insert of pJEC54 has been deposited in the GenBank database under accession number DQ000460. The nucleotide sequences of the 16S rRNA for phylogenetic analysis have been deposited in the GenBank database under accession numbers DQ004750 to DQ004828.
RESULTS
Microbial community profile of forest soil. The chemical and physical characteristics of the two forest topsoils were similar, except that the Jindong Valley forest soils were more acidic and contained much more potassium ion ( Table 1) . The microbial community profile of the Jindong Valley forest topsoil was investigated by comparative sequence analysis of partial 16S rRNA genes. Of the 90 16S rRNA gene sequences, 4 appeared to be chimeras and 7 were redundant; these were excluded from the analysis. Therefore, a total of 79 clones underwent phylogenetic analysis. Most of the phylotypes identified were members of the phylum Acidobacteria (60%, 52 of 86) (Fig. 1) , Proteobacteria (20%, 17 of 86), Verrucomicrobia (6%, 5 of 86), and others (14%, 12 of 86), including Plactomycetes, Firmicutes, and Bacteroidetes (2.43%) (Fig. 2) . None of the clones belonged to ␤-Proteobacteria, and only three belonged to Firmicutes, which includes low GϩC, gram-positive organisms. The phylogenetic analysis of the Acidobacteria group revealed a group of clones (JE59, JE69, JE70, JE3, JE84, JE1, JE68, JE26, and JE87; Fig. 1 ) that was deeply branching from other Acidobacteria clones. Many clones in the Acidobacteria group were unaffiliated with the Acidobacteria subgroup comprising cultured strains, such as A. capsulatum (25) and strain TAA48 (52) .
Construction of a metagenomic library. The quantity and quality of the prepared DNA to construct metagenomic library were almost identical to our previous study (35) . However, the DNA solution prepared from the Jindong Valley soil was much darker than that from the Yuseong forest, indicating a higher contamination of humic substances. The enzymatic manipulation of the DNA to construct the library was difficult because of the humic substances, and purification did not completely remove them. The libraries constructed from the forest topsoils consisted of 80,500 Yuseong forest clones and 33,200 Jindong Valley clones and were maintained for activity-based screening. Since the metagenomic DNA from Jindong Valley was heavily contaminated with humic substances, its library construction was less efficient than that of Yuseong forest DNA. The average DNA insert size was estimated at more than 35 kb by analyzing randomly selected clones via preparative pulsed-field gel electrophoresis after BamHI digestion. Restriction analysis of the randomly selected 52 clones revealed various restriction digestion patterns without any redundant pattern, indicating a high diversity of cloned genes in a fosmid (data not shown).
Selection of an antibacterial clone and identification of pigments. Two antibacterially active clones were selected by the double-agar-layer method. One showed higher antibacterial activity against B. subtilis, as well as purple pigmentation of the E. coli colony. The clone (pJEC5) was further analyzed to identify the pigments and antibacterial activity. Crude culture and cell extracts of the E. coli carrying pJEC54 were partitioned through organic extraction, and two pigments were separated by silica gel column chromatography. These red and blue pigments were purified, and their purity was confirmed by high-pressure liquid chromatography analysis. The UV/VIS maxima were 241, 284, 336, and 610 nm for the blue pigment and 236, 289, 366, and 545 nm for the red pigment. Each pigment had a molecular weight of 262 atomic mass units, as determined by EI-MS. EI-MS analysis of the blue pigment showed major peaks at m/z 234, 205, 179, 158, 131, 104, 75, and 50, a profile identical to that of indigo blue. The red pigment showed major peaks at m/z 234, 205, 179, 158, 131, 103, 76, and 51, which is identical to the profile of indirubin. The NMR results also confirmed the identities of the pigments as indigo blue and indirubin (data not shown). Therefore, the purple coloration of the initial colony might result from the coproduction of two isomeric compounds: indigo blue and indirubin. Similar phenomena were previously observed by introducing the Rhodococcus gene into E. coli (22) and by soil metagenomic analysis (39 Cloning and sequence analysis of genes for indirubin and indigo production. In vitro insertion mutagenesis of pJEC5 generated five nonpigmented mutants lacking antibacterial activity. The insertion site of the transposon was determined by restriction digestion analysis, subcloning of the transposon flanking DNA, and sequence analysis. For the five mutants, the insertion site appeared to be in a single open reading frame (ORF), similar to that of genes encoding potential oxidoreductase. Thus, the ORF responsible for the antibacterial activity and pigmentation was defined, and subcloning experiments were performed. The random subcloning approach described in Materials and Methods was successful. It involved PstI or EcoRI digestion of pJEC5, the cloning of the digested DNA pools into pUC119, and the subsequent selection of E. coli transformants showing pigmentation. Since the PstI digest produced a smaller DNA insert fragment than did the EcoRI digest, the subclone carrying the PstI-digested insert (pJEC54) was used to further analyze the genes. Several subclones were constructed in the original fosmid vector to compare their pigment production with that of the original metagenomic clone, pJEC5 (Fig. 3B) . Plasmid pJEC53, carrying two ORFs (ORF4 and ORF5), was selected as the subclone expressing an identical level of pigment production in E. coli and the equivalent antibacterial activity. The purified indirubin also showed antibacterial activity against B. subtilis in the growth inhibition assay (data not shown).
We determined the complete DNA sequence of plasmid pJEC51, a subclone of pJEC5, but not that of pJEC5, the original clone. We defined the potential ORFs and their organization by a BLAST search through the National Center for Biotechnology Information (Fig. 3A) . The potential protein products encoded by each ORF are indicated in Fig. 3 , based on the proteins from the GenBank database that are most similar. pJEC53, with its two ORFs, fully restored the pigmentation and antibacterial activity of the original clone, pJEC5. We described the extensive DNA sequence analysis earlier in this work. Based on the deduced amino acid sequence identity, it is likely that ORF4 and ORF5 encode a transcriptional regulatory protein and an oxygenase-like protein, respectively. ORF4 and ORF5 were divergently transcribed, revealing a 305-bp space between the ATG codons for ORF4 and ORF5, which should contain the promoter regions for the two transcriptional units. A comparable gene organization was found in a cultured Rhodococcus sp. (12) , although the gene itself was not significantly similar. ORF4 encodes a protein composed of 240 amino acids, similar to the TetR family transcriptional regulator, which is known as a negative regulator. However, the level of similarity is 24 to 28% in the deduced amino acid sequences. ORF5 encodes a protein of 406 amino acids, similar to several oxidoreductases. When similar proteins in the database were aligned with the deduced amino acid sequence of ORF5 (Fig. 4) , the sequences were 29 to 38% identical. Interestingly, the deduced amino acid sequence of ORF5 was virtually identical to the conserved domain of naphthocyclinone INDIRUBIN GENES FROM FOREST SOIL METAGENOME 7773 hydroxylase (NcnH), which is involved in the biosynthesis of the aromatic polyketide antibiotic naphthocyclinone in Streptomyces arenae (9) . Characterization of indigo and indirubin production. We found that the GPS-3 insertion mutation in ORF5 (plasmid pJEC5-1) completely shut down the level of pigment production to that of E. coli cells carrying an empty fosmid vector (Fig. 5) . The original metagenomic clone, pJEC5, and its subclones, pJEC51 and pJEC53, produced almost equivalent amounts of both pigments. However, pigment production in E. coli carrying pJEC5 increased steadily for 3 days and then suddenly decreased, which may suggest growth stage-dependent regulation of the gene expression in pJEC5. In contrast, pigment production by the two subclones, pJEC51 and pJEC53, was relatively constant for 4 days. Our metagenomic clone produced more indirubin than indigo. We obtained approximately 6.4 mg of indirubin and 3.4 mg of indigo by culturing 100 ml of E. coli cells carrying pJEC54 (data not shown). To establish whether the pigments originated from indole accumulations in E. coli owing to the action of tryptophanase in releasing indole from tryptophan, we transformed E. coli CY15000 (61), which is tryptophanase minus, with pJEC5. The E. coli CY15000 carrying pJEC5 did not produce any detectable pigment because of the lack of indole generation. This confirmed that the gene product of ORF5 is most likely involved in indole oxidation to derive indirubin and indigo.
DISCUSSION
We performed a metagenomic analysis on a forest soil exhibiting high levels of acidobacteria rRNA genes. Phylum Acidobacteria was even more abundant than Proteobacteria. The Acidobacteria groups are phylogenetically diverse and may include novel classes (2) . The prevalence of acidobacteria clones in our rRNA gene libraries suggests that acidobacteria may be the dominant microorganisms in Jindong Valley forest soil. The first cultured isolate in the Acidobacteria group was Acidobacteria capsulatum (25) , and recently a few more acidobacteria isolates have been cultured (52) . However, owing to the scarcity of cultured isolates, little is known about the physiology of acidobacteria. The ubiquity of the Acidobacteria in various types of soils suggests that they are probably metabolically versatile (2, 19) . In natural forest soil, accumulated plant materials provide nutrients for potential use by microorganisms such as bacteria of the Acidobacteria group. Interestingly, none of the clones of ␤-Proteobacteria and only three clones of Firmicutes were detected from our culture-independent study, whereas Firmicutes and ␤-Proteobacteria groups have been frequently detected in soils by culture-independent microbial community analysis (5, 6, 10, 62) . Our results were somewhat similar to those from Austrian forest soil (19) and arid U.S. southwestern soil (34) in that Acidobacteria was most abundant in both soils, whereas Firmicutes was scant. Considering the diversity of soil bacteria, an immense number of metagenomic clones would be needed to completely assay microbial diversity using conventional cloning vectors. Depending on soil type, we usually obtained 30,000 to 100,000 clones in fosmids, using 1 g of soil DNA with a 35-kb average insert (data not shown). Our libraries for the present study, consisting of 80,500 and 33,200 clones from each of two forest soils, represent almost 4 Gb of genomic DNA, which is equivalent to approximately 1,000 E. coli genomes. Fosmids are good vectors for constructing metagenomic libraries because of their high cloning efficiency, improved stability in E. coli, and optimum (40 kb) insert size (31) . Given the low chance of finding desirable genes in a metagenomic library of diverse microbial genomes, cloning efficiency is important in constructing a large clone library, which should include most of the microbial DNA in the soil (38) . The genomes of many rare microorganisms were probably not included in our library. An rRNA gene analysis from the Jindong Valley forest soil revealed Acidobacteria to be the most abundant clone type; therefore, our metagenomic library may consist largely of genes from this group.
The metagenomic clones of the forest topsoil microorganisms may be involved in the biotransformation of organic compounds originating from other forest organisms, mainly plants. The characterized metagenomic clone in our study carried genes involved in indigo and indirubin production. The gene for putative indole oxygenase (ORF5) is probably responsible for indoxyl production from indole, as noted in previous studies (16, 22) . Indoxyl then spontaneously dimerizes to form indigo, which can be converted to indirubin. Since pJEC5 did not produce pigmentation when introduced into tryptophanase minus E. coli (CY15000), pigment production is likely dependent on indole generated from tryptophan catabolism (16). Our gene product was similar to several oxidoreductases, but the identity level was not particularly high. Nor was it well aligned to the gene products of Methylophaga sp. (11) and Ralstonia eutropha (16) , which yielded indigo in E. coli. Our gene product was not at all similar to the gene for indirubin production from another soil metagenome (39) , which produced red indirubin pigment and possessed antibacterial activity; however, the antibacterial activity was an effect of indirubin and an unknown unpigmented component. In contrast, the antibacterial activity of our clone was solely attributable to the antibiotic activity by the pigment. The role of the divergently transcribed putative transcriptional regulator (ORF4) during pigment production is not certain. It is also not clear whether the gene product is involved in regulating the gene expression of ORF5.
Since the full-length original clone was not sequenced, we had no phylogenetic markers by which to study the origin of the individual clones. In addition, our attempts to amplify and clone 16S rRNA gene from the pJEC5 fosmid clone were not successful. Several strategies have been described for linking phylogenetic groups to their activity and function in soil (56) , but defining the origin of a specific metagenomic clone remains a great challenge. It is likely that the most abundant phylotype is an Acidobacteria, and it will be interesting to determine whether our clone originated from the Acidobacteria. We plan to examine the origin of the clone by plate-wash PCR (52) with ORF5 gene-specific primers, using bacterial cultures from various culture conditions and media.
We describe here the microbial community composition of two forest soils and the subsequent construction of metagenomic libraries to select novel antibiotics. Surprisingly, our analysis of the small subunit rRNA gene library from the forest soil, from which we took the metagenomic DNA, showed that the most abundant microbial group was the major unculturable phylum Acidobacteria. Studying the library by expression-dependent or sequence homology-dependent methods would provide a unique opportunity to analyze the genome of the Acidobacteria. Our study has shown that metagenomic genes and their products can be obtained from these libraries, suggesting that these libraries could be used for many biotechnology applications (50) . INDIRUBIN GENES FROM FOREST SOIL METAGENOME 7775
